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1 INTRODUCTION  
Most of the built environment is made using con-
crete and many historical buildings constructed in 
1950’s and later suffer from crack formation, alkali-
silica reaction and water penetration. Cracking in 
concrete and mortar is an inevitable phenomenon of 
ageing and erosion. Thus, material characteristics 
such as porosity, permeability, strength and density 
are altered during ageing.  
Hardened concrete and cement contain two im-
portant mineral phases: calcium hydroxide (port-
landite) and calcium silicate hydrates (C-S-H), the 
former has a defined crystalline structure, the latter 
is semi-crystalline (Pellenq et al. 2008). C-S-H is the 
phase responsible for strength development in con-
crete and can be up to 70% of total volume of hard-
ened concrete (Chen et al. 2004). In cementitious 
materials, C-S-H is produced by hydration of alite 
and belite (tricalcium silicate and dicalcium silicate 
respectively). Pozzolanic material such as fly ash, 
slag, rice husk ash and silica fume can be added 
which can increase the amount of C-S-H produced 
and thus improve mechanical performance (Sha 
2002; Sanchez & Sobolev 2010).  
The formation of cracks and increased porosity 
from leaching in concrete and cement paste presents 
an easy pathway for the ingress of moisture. Gaps 
and cracks can be reduced by the treating with nano-
particle consolidants. In the work presented here, the 
injected silica reacts with portlandite naturally pre-
sent in hydrated cement paste to form new cementi-
tious material and reduce the porosity of the system. 
The result is increased durability and life-time 
(Cardenas & Struble 2006; Hou et al. 2014; Sánchez 
et al. 2014; Hou et al. 2015). 
Research on partial replacement of cement clink-
er with nano-silica (Li et al. 2004) found that in-
creasing the quantity of nano-silica replacing cement 
from 3% to 5% vol. increased the mechanical 
strength of mortar by acceleration of the hydration 
reaction and the filler effect of nano-particles. They 
also observed a dense and compact texture of hy-
drated paste and an absence of portlandite crystals, 
suggesting that most of the calcium hydroxide had 
reacted with the nano-silica added. This result was 
confirmed by Tao Ji and Qing et al. (Ji 2005; Qing et 
al. 2007). Nano-silica addition to cement paste has 
been shown to increase C-S-H formation and accel-
erate dissolution of unreacted  alite (C3S) due to the 
high reactivity of small particles (Björnström et al. 
2004).  Tao Ji observed that the average water pene-
tration depth of concrete made with fly ash and ce-
ment was 14.6 cm under low applied pressure 
whereas concrete mixed with nano-silica was 8.1 cm 
under high pressure, confirming the improvement in 
water penetration resistance when nano-silica is 
added (Ji 2005). He concluded that the pozzolanic 
reaction of fly ash in presence of nano-silica was ac-
celerated compared to ordinary Portland cement 
(OPC). Qing et al. reported little acceleration in set-
ting time of fresh paste with increasing nano-silica 
content but some enhancement of compressive 
strength. Pozzolanic reactivity of nano-silica is high-
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er than the silica fume, due to the smaller particle 
size and higher specific surface area (Qing et al. 
2007). Varying the nano-silica content (3%, 6%, 9%, 
and 12% wt.) in mortar produced an increase in 
strength with decrease in calcium hydroxide content. 
The heat of hydration was also increased by addition 
of nano-silica from the rapid hydration of silicates 
(Jo et al. 2007).  
The aim of this work was to find a non-
destructive and easily applied conservation treatment 
for cement and concrete. In this study the effect of 
nano-silica and silica fume injection in hardened 
cement paste was investigated by quantitative analy-
sis of hydration products (C-S-H and portlandite) 
present.  
 
2 MATERIALS AND METHODS 
2.1 Materials 
The experiments were carried out on pure hardened 
cement paste, using ordinary Portland cement CEM 
I (Table 1) and deionized water. Nano-silica suspen-
sion LUDOX T-50 and silica fume ELKEM micro-
silica were used (Table 2). 
 
Table 1. Characteristic of CEM I Portland cement. 
Components CEM I 
 % 
Clinker 100 
Gypsum added 7 
Chemical composition (>0.2%)  
SiO2 23.7 
Al2O3 2.8 
Fe2O3 2.3 
CaO 67.3 
MgO 0.7 
SO3 1.9 
K2O/Na2O 0.2 
Density (g/cm3) 3.2 
Specific area (m2/g) 0.31 
Compressive strength, 28 days  (MPa) 60 
 
 
Table 2. Characteristics of nano-silica (NS) and sili-
ca fume (SF). 
Components NS SF 
 % % 
State Acqueous 
suspension 
Densified  
Chemical composition (>0.2%)   
SiO2 50 99.9 
Water  50 - 
Particle size range (nm) 5-20 150-1000 
Density (g/cm3) 1.4 1.56 
Specific area (m2/g) 160 21.5 
2.2 Sample preparation 
Cement samples were prepared mixing Portland ce-
ment and deionized water at a water to cement (w/c) 
ratio of 0.41. The mixing of cement and water was 
made in a rotary mixer according to BS EN 196-
1:2005. Cement paste was cast into plastic moulds 
(35mm ∅ and 4mm thickness, disc-shaped) and 
cured under controlled conditions (relative humidity 
of 98 ± 2% and temperature of 21 ± 2 °C). After 28 
days, cement discs were oven-dried at 60 °C for ca. 
100 hours, until the change in weight was negligible. 
Drying temperature of 60 °C was chosen because it 
does not affect the pore-structure and mineralogy of 
the cement paste (Gallé 2001; Korpa & Trettin 2006; 
Zhang & Scherer 2011). 
2.3 Experimental setup 
Nano-silica injection was carried out by varying 
three parameters: injection period, percentage of 
nano-silica injected and silica particle size (NS or 
SF) with a constant applied pressure head. Silica so-
lutions were prepared using nano-silica stock sus-
pension or solid silica fume, mixed with deionized 
water. In order to investigate how the penetration 
depth in the disc varies with nano-silica content, 
three different percentages (10%, 15% and 20% wt.) 
were used, for a total injection time of 14 days. The 
effect of injection time was determined by keeping 
cement discs under injection for 7, 14 and 28 days 
with 10% wt. nano-silica content. To compare the 
reactivity and effect of particle size on penetration 
depth, samples were injected with 10% and 20% of 
silica fume for the period of 14 days (Table 3). 
The cement disc was fixed in place at the bottom of 
a PVC pipe of 2 m length and 40 mm internal di-
ameter (Figure 1). The pipe was then held vertically 
by clamping it with stands. The solution of nano-
silica at a given concentration was slowly poured in-
to the pipe from the top, in order to minimize the 
density gradient. The length of pipe used gives a 
constant hydrostatic pressure of 20 kPa at the bottom 
of the pipe, where the OPC specimen is placed. Af-
ter filling the pipe, a plastic cap was placed at the 
top of the pipe to avoid evaporation of the solution. 
At the end of the injection period the disc was re-
moved and oven-dried at 60 °C for ca. 100 hours.  
The sample weight was recorded before and after the 
injection to quantify the amount of silica in the 
pores. 
 
Table 3. Experimental data and sample details. 
Sample  Injected silica Silica content Injection period 
 NS or SF % days 
S10-14 NS 10 14 
S15-14 NS 15 14 
S20-14 NS 20 14 
S10-7 NS 10 7 
S10-28 NS 10 28 
SF10-14 SF 10 14 
SF20-14 SF 20 14 
 
 
 Figure 1. Experimental set-up model.  
2.4 Microstructural analysis 
The capability of injected silica to react with calci-
um hydroxide (CH) present in the hydrated cement 
paste to form additional calcium silicate hydrates (C-
S-H) was determined by the quantity of calcium hy-
droxide and calcium silicate hydrates in the treated 
hydrated cement paste compared with the control 
sample by thermogravimetric analysis (TGA). An 
average of 20 mg was sampled from the cross sec-
tion of the disc and powdered. Thermal analyses 
were conducted at a heating rate of 10 oC min-1 from 
25 oC to 1000 oC under nitrogen gas flow, using a 
Netzsch simultaneous analyzer. 
Mineralogical composition of silica injected speci-
mens was analyzed by powder X-ray diffraction 
(XRD) technique using a Bruker D8 Advance dif-
fractometer, from 5° to 60 °2θ, at a rate of 1°/min 
and a step size of 0.02 °2θ. In order to estimate silica 
entrainment through the pores, sample disc weight 
was recorded before and after silica injection, at 60 
°C oven-dried conditions. Open porosity (ψ) was es-
timated by measuring the total water amount in each 
sample after oven-drying at 60 °C and overnight sat-
uration in a vacuum chamber. Open porosity was 
calculated as follows (Equation 1):  
 
(1)
where ψ is the open porosity, ms is the sample water 
saturated mass (kg), md is the sample dried mass 
(kg), V is the volume of the sample (m3) and ρ is the 
density of the water at 20 °C (kg/m3).  
Microstructural analysis of samples was character-
ized using field emission Scanning Electron Micros-
copy (SEM, Hitachi SU6600) and Energy Dispersive 
Spectroscopy (EDS, Oxford INCA-7260) with an 
accelerating voltage of 10 – 15 kV. All samples 
were resin impregnated, polished and gold coated. 
 
 
 
Figure 2. Model of silica penetration depth on OPC sample af-
ter injection. 
  
3 RESULTS AND DISCUSSION 
3.1 Weight change and porosity measurements 
Mass measurements show that after 14 days of injec-
tion of nano-silica the mass increase is directly pro-
portional to the silica concentration in the solution 
(Figure 3). At a given nano-silica content in the pipe 
of 10% wt., the sample mass shows an exponential 
trend reaching 2.0 wt% mass gains at 28 days 
(Figure 4). A comparison between nano-silica and 
silica fume show the effect of particle size on the in-
jection: doubling the concentration of nano-silica re-
sults in an increase of weight of ca. + 1%, whereas 
doubling the silica fume content results in an in-
crease of weight of ca. + 0.1%. This is due to the 
low particle size range of nano-silica (5 – 20 nm), 
able to penetrate into smaller pores.  Open porosity 
(ψ) measurements show that an increase in nano-
silica content in the solution produces a significant 
decrease in porosity of ca. 30%, from the initial val-
ue (sample OPC, ψ = 0.30) to the highest concentra-
tion at 20% wt. (sample S20-14, ψ = 0.20), as shown 
in Figure 5. Injection of silica-fume, on the other 
hand does not produce a significant porosity reduc-
tion (Qing et al. 2007). Injection time at the lowest 
nano-silica content (10% wt.) shows a reduction in 
porosity of ca. 20%, from the initial value (sample 
OPC, ψ = 0.30) to the longest injection time (sample 
S10-28, ψ = 0.24) as shown in Figure 6.  
 
Figure 3. Influence of nano-silica concentration on weight in-
crease after injection for 14 days. 
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 Figure 4. Influence of injection time on weight increase at 10% 
nano-silica concentration.  
 
 
Figure 5. Influence of silica concentration on porosity after in-
jection for 14 days. 
 
 
Figure 6. Influence of injection time on weight increase at 10% 
nano-silica concentration. 
3.2 Thermal analysis 
 
Figure 7 shows the thermogravimetric (TG) curves 
for selected samples. The weight loss is in % with 
respect to temperature (25 – 1000 °C). All samples 
show TG curves typical of Portland cement, having 
maximum weight loss from room temperature to 200 
°C. The weight loss in the range 80 – 150 °C is at-
tributed to C-S-H gel, calcium aluminate silicate hy-
drate (C-A-S-H) gel, ettringite and other minor 
compounds (Sha et al. 1999; Sha & Pereira 2001; 
Klimesch et al. 2002). The thermogravimetric step in 
the range 400 – 460 °C is assigned to the portlandite 
dehydration (CH). Weight loss over the range 530 – 
660 °C may be attributed to the loss of CO2 from 
any calcium carbonate present. All samples show a 
slight weight loss in the range 700 – 780 °C due to 
the dehydroxylation of silanol Si-O-H groups 
(Garbev et al. 2008; Shaw et al. 2000). Table 4 
shows the TG values in the C-S-H range and port-
landite range. 
 
Figure 7. TG curves of selected samples. 
 
Table 4. Summary of the TG analysis results for 
each sample. 
Sample  C-S-H/C-A-S-H CH 
 80 - 150 °C  400 - 460 °C 
 % % 
OPC 2.89 3.35 
S10-14 3.02 2.68 
S15-14 3.04 1.96 
S20-14 3.09 2.03 
S10-7 2.80 2.70 
S10-28 2.81 2.15 
SF10-14 2.8 2.25 
SF20-14 3.01 2.09 
 
Figure 8 shows the CH content reduction due to the 
reaction of CH with nano-silica and additional for-
mation of C-S-H can be observed when the nano-
silica concentration is increased. This reduction of 
about 40% of the initial content is higher compared 
to the values found in literature (Cardenas & Struble 
2006; Sánchez et al. 2014). Figure 10 shows the 
consumption of CH with time (injection period) and 
slight increase of C-S-H content. There is no evi-
dence of CH reduction when the nano-silica content 
is increased beyond 15 wt% in the injecting solution.  
Figure 9 suggests that the ideal injection period is 28 
days, producing a CH reduction of ca. 1.2%. Ther-
mal data of nano-silica and silica fume for 14 days 
injection time show that both materials offer a com-
parable CH reduction at the highest concentration 
(20% wt.).  
 
 
 Figure 8. TG data. Effect of nano-silica percentage on com-
pounds content. 
 
Figure 9. TG data. Effect of injection time on compounds con-
tent. 
3.3 XRD analysis 
XRD analysis of the injected samples (Figure 10) 
show a progressive decrease in intensity of portland-
ite peaks. Calcium aluminate phases (C3A, peak at 
ca. 11.5 °2θ), present in the original clinker reacted 
with nano-silica forming additional C-S-H/C-A-S-H 
(calcium aluminate silicate hydrate), observed at ca. 
15.5 °2θ.  
3.4 Scanning Electron Microscopy 
SEM images show the silica penetration depth. 
When increasing the nano-silica content an increase 
on the penetration depth was observed: ca. 500 µm, 
630 µm and 740 µm respectively for sample S10-14, 
S15-14 and S20-14, as shown in Figure 10, 11 and 
12. The reactivity of nano-silica with portlandite has 
been confirmed through SEM images: due to the ap-
plied pressure, nano-silica particles are forced into 
the pores, precipitate on portlandite crystals and re-
act with calcium hydroxide forming additional C-S-
H or C-A-S-H. Unreacted nano-silica was also ob-
served, lying on the surface of cement paste or oc-
cluding pores and void space. 
 
Figure 10. XRD analysis of selected samples. List of the major 
mineral phases. [P: portlandite; C: calcite; C3A: calcium alumi-
nate; CSH: calcium silicate hydrates]. 
 
Figure 11. SEM image of sample S10-14. 
 
Figure 12. SEM image of sample S15-14. 
 
 
 
 
 
 
 Figure 13. SEM image of sample S20-14.  
 
 
4 CONCLUSIONS 
In this work a novel concrete and cement surface 
treatment was presented. The following conclusion 
can be drawn: 
1. Low-pressure (20 kPa) silica injection has effec-
tively impregnated cement samples. After 14 days 
of injection, at the highest nano-silica content 
(20% wt.) a total reduction of 30% in porosity 
was observed, suggesting it is a potential consoli-
dant for friable or cracked concrete. 
2. Nano-silica injection shows a higher efficiency 
than silica fume, due to its larger specific surface 
area and corresponding pozzolanic reactivity. 
3. Some of the silica injected has reacted with the 
calcium hydroxide naturally present in hydrated 
cement, forming additional binding phases such 
as C-S-H and C-A-S-H. Unreacted silica however 
has been absorbed and acts as a filler agent reduc-
ing porosity.  
4. After 14 days of nano-silica injection an average 
penetration depth of ca. 745 µm of was measured, 
which is ca. 20% of the cross section of the sam-
ple (4 mm).  
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